Introduction
Hot rolled lower bainitic steels are suitable candidate materials for applications in which very high strength has to be combined with a certain degree of ductility. Typical applications include parts for trucks and trailers, heavy duty equipment and general mechanical engineering. To obtain suitable properties, an optimised combination of chemical composition and processing is required. For low alloyed C-Mn steels, Cr, Mo and B are typically added to suppress ferrite formation and increase bainitic hardenability during continuous cooling. [1] [2] [3] [4] [5] In bainitic steels, Cr additions are typically less than 1 wt% 5, 6) to optimize the hardenability without compromising the welding behavior too much. B slows down the ferrite nucleation as it segregates to the austenite grain boundaries. 7) Therefore, B is only effective as a hardening element when it is in solid solution, hence without formation of BN. This can be done by adding an element with a higher affinity for N, e.g. Ti. 8) Mo is especially effective in increasing the hardenability when it is used together with B. 9) Next to the chemical composition, the main processing parameters that determine the properties of the final hot rolled bainitic steel are the finish rolling temperature, the cooling rate and the coiling temperature. 6) When rolling below the temperature of non-recrystallization (T nr ), deformation energy is stored in the austenite prior to cooling. This leads to a finer microstructure after transformation, which increases the strength.
10) The stored energy,
Effect of the Cr Content and Coiling Temperature on the Properties of Hot Rolled High Strength Lower Bainitic Steel
Lieven BRACKE* and Wei XU
Research Engineer, ArcelorMittal Global R&D Ghent, Pres. J.F. Kennedylaan 3, 9060 Zelzate, Belgium.
(Received on February 12, 2015 ; accepted on June 10, 2015) The effect of the Cr content and the coiling temperature on the tensile properties and the micostructure of an ultra high strength hot rolled lower bainitic steel has been evaluated by lab simulations. It was shown that an increase in Cr reduces the yield strength, but increases the tensile strength and the elongation. This observation was made for both coiling temperatures (425°C and 500°C) tested. For coiling at 500°C, the effect was directly attributed to the presence of an increasing fraction of secondary phases, mainly martensite-austenite islands. At low coiling temperature (425°C), a banded structure of granular and lower bainite occured. The granular bainite bands contained more martensite-austenite islands for the high Cr level, explaining the low yield strength, high tensile strength and high elongation. It was shown that the lower bainite forms prior to coiling, whereas the granular bainite forms during slow coil cooling. The yield and the tensile strength is higher for coiling at 425°C compared to 500°C as a consequence of a higher lower bainite fraction.
KEY WORDS: hot rolled ultra high strength steel; bainite; Cr content; coiling temperature; tensile properties; microstructure; segregation.
however, also shifts the transformations in the CCT diagram to shorter times, 11) leading to a higher risk for polygonal ferrite formation and increasing the cooling rate needed to form lower bainite. The presence of polygonal ferrite will reduce the strength of the material. 12) A higher strength bainite is obtained for a lower transformation temperature. 1) This implies that the highest strength for bainite is obtained just above the martensite start temperature (M s ), at least for an isothermal transformation.
The current study focusses on the effect of the Cr content and the coiling temperature on the tensile behaviour of hot rolled lower bainitic steel through their effect on the bainitic transformation and the resulting microstructure.
Experimental Procedures
The materials used were 80 kg ingots, produced in a lab vacuum induction furnace. The chemical composition is shown in Blocks of 40 mm thickness were reheated to 1 250°C and hot rolled to a final thickness of 5 mm in 8 passes. The entry temperature of the last pass was at 900°C and the deformation in this pass was 15% for all the materials. Based on microstructure analysis, it was estimated that this last rolling pass was below T nr for the three steels. The hot rolling was followed by water cooling with a cooling rate of around 85°C/s. All temperatures were measured with a K-type thermocouple mounted at mid-thickness of each block. A first set of sheets was water cooled to 450°C -well above M s -and coiled at 500°C. A second set of sheets was water cooled to M s , followed by coiling at 425°C. Between the end of active cooling and coiling, the transfer time to the coiling simulation furnace was about 20 s, during which the materials were in air. A temperature increase was measured during this time interval. The thermal traces recorded during the processing are shown in Fig. 1 . Tensile testing was done at room temperature on standard A50-type tensile test specimens. Samples for microstructural examination were taken from RD-ND cross sections. After polishing, the samples were etched with 2% Nital to reveal grain boundaries and cementite or Picral + Na 2 S 2 O 5 14) color etching. When applied to a multi-phase microstructure, the latter etching technique shows martensite as (dark) brown and austenite as bright white. Cementite appears as black and ferrite as light brown to straw yellow. Quantitative analysis of the microstructure was done by putting a 10 × 10 point grid on a minimum of three optical micrographs, covering at least a surface of 15 000 μm 2 . Scanning Electron Microscopy (SEM) was done using a JEOL 7001F with a Field Emission Gun (FEG), operated at 5 kV. Line scans of the chemical composition were done on the same FEG-SEM, using an Oxford Wave length Dispersive X-ray spectroscopy (WDX) attachment and an Oxford Energy Dispersive X-ray spectroscopy (EDX) attachment. After selective dissolution and filtration of part of the sample, the amount of precipitates was quantified by Inductive Coupled Plasma Optical Emission Spectroscopy (ICPOES). A Bahr DIL805 dilatometer was used to perform well controlled thermal cycles. Tube shaped samples of 10 mm length and 5 mm diameter with a wall thickness of 1 mm were reheated at 900°C for 5 min. and cooled using different cooling rates.
Results

Mechanical Properties
The tensile properties for the three different Cr levels and the two coiling temperatures are shown in Fig. 2 and in Table 2 . The yield strength decreases with increasing Cr content and increasing coiling temperature ( Fig. 2(a) ), whereas the tensile strength also decreases with the coiling temperature, but increases with the Cr content. The total and the uniform elongation are higher after coiling at 500°C compared to after 425°C, but the effect of Cr is not as straight forward ( Fig. 2(b) ). The 0.30Cr alloy has the lowest total and uniform elongation, whereas the 0.60Cr and 0.90Cr are fairly similar, except for the total elongation for the 500°C coiling temperature. As a consequence of the different trends observed for the yield and the tensile strength, the yield ratio is very strongly dependent on the Cr level, as is illustrated in Fig. 2 
(c).
The different mechanical behavior as a consequence of Cr and coiling temperature variations is also illustrated in the tensile curves of Fig. 3 . The transition between elastic and plastic deformation is more clearly defined with reduced Cr level and reduced coiling temperature, as indicated in Fig.  3 (a) by the deviation from Hooke's law for elastic behavior. During plastic deformation ( Fig. 3(b) ), the 0.30Cr coiled at 425°C has only a very limited strain hardening capacity, leading to a low uniform elongation and a high yield ratio. The 0.90Cr materials have more strain hardening capacity, especially when coiled at 500°C. This leads to a clearly increased uniform elongation. 
Microstructure
In the hot rolled sheets used in this study, the bainitic microstructures have been formed during three consecutive cooling sections, each with a different cooling rate. These three sections are fast water cooling, air cooling in which the temperature actually increases due to transformation and finally slow coil cooling. As a consequence, the microstructures formed are complex and several morphologies of bainite have been observed. The first one is a lath like bainite, with carbides inside the laths and on lath boundaries, as illustrated in Figs. 4(a) and 4(b) for the 0.90Cr alloy. This morphology is very similar to the lower bainite ( α B L ) which is typically found after isothermal bainite transformation at low temperatures. Therefore, this form of bainite will be named "lower bainite".
The second major bainitic phase formed consists of relatively coarse bainitic ferrite grains with varying amounts of martensite and austenite present as shown in Figs. 4(c) and 4(d). The conglomerate of these three constituents will be called "granular bainite" ( α B G ). Typical microstructures of the hot rolled sheets are presented in Fig. 5 and a quantitative summary of the phases observed after coiling is presented in Table 3 .
To correlate the phases observed with the cooling trajectory, controlled thermal cycles have been performed in the dilatometer. Figure 6 shows micrographs after thermal treatments in the dilatometer of the 0.90Cr alloy. The sample that was quenched from 900°C to room temperature with a cooling rate of 85°C/s showed a fully martensitic microstructure ( Fig. 6(a) ). For the sample with the cooling interrupted at 425°C for 15 s, lower bainite formation can be clearly observed (Fig. 6(b) ). The transformation is not complete after 15 s and the remaining austenite transformed to martensite upon further quenching to room temperature. These results indicate that lower bainite in the hot rolled sheets can be expected to form during the interval between fast water cooling and coiling. As a consequence, it can also be assumed that the granular bainite forms during the slow coil cooling, which is in line with expectations from literature. 11, 15) For cooling to 450°C followed by coiling at 500°C, the dominant phase is granular bainite for the three Cr levels, but with decreasing amounts of lower bainite for increasing Cr levels. As argued in section 3, the formation of lower bainite occurs during the interval between the end of water cooling and the start of coiling. A lower fraction of lower bainite at higher Cr levels is therefore a clear illustration that Cr slows down the bainitic transformation at these temperatures. A small but quantifiable fraction of degenerated pearlite was also found at all Cr levels. The amount of pearlite increased with increasing Cr. The microstructure for the 0.90Cr and 0.30Cr steels after coiling at 425°C shows an additional complexity due to the presence of microstructural bands. This is illustrated in the low magnification optical micrographs of Figs. 5(c) and 5(e). In the 0.90Cr steel, the microstructure consists of alternating bands of lower bainite and a phase similar to granular bainite, but in a more elongated, aligned morphology ( Fig.  5(d) ). These bands show a high density of relatively large martensite and austenite grains. The alternating bands in the 0.30Cr consist also of lower bainite and a type of granular bainite. In this case, however, hardly any martensite or austenite is observed (Table 3 and Fig. 5(f) ).
Quantification of the distance between the granular bainite bands was done on optical micrographs at low magnification, covering at total of 1.32 mm. For the 0.90Cr alloy, the average distance between bands is around 50 μm, but smaller interdistances have also been observed. WDX line scans across 1 mm of the thickness showed that this microstructural banding is mainly due to Mn variations, cf. Fig.  7(a) . The inhomogeneous distribution of Mn is well-known to be caused by segregation during solidification of a cast block. 16, 17) The observed distance between microstructural bands is around 50 μm. When looking at the Mn variation (ΔMn) compared to the average Mn level in the WDX line scans, it seems that a ΔMn level of 0.20 wt% can be seen as reasonable threshold to generate a microstructural band. This is also in good agreement with the EDX spot analyses performed in Fig. 8 . Note that some Cr segregation was also observed, but less pronounced and with no apparent influence on the phase composition.
A similar quantification on optical micrographs of the 0.3Cr alloy at 425°C resulted in an average interdistance of 56 μm. The WDX scan in Fig. 7(b) suggests that this corresponds to a Mn variation of about 0.18 wt%. Both these results are quite similar to those of the 0.90Cr alloy. Based on these results, the Mn segregation does not seem to be influenced by the amount of Cr. Therefore, it can be considered that segregation of Mn influences the transformation behavior similarly for all Cr levels. As such, it can be concluded that the different transformation behavior observed in for the different steels is a consequence of their different Cr levels.
Note that the same variations in chemical composition can be expected to be present in the materials coiled at 500°C as well, but no strongly pronounced banded microstructure was observed.
The lower bainitic areas in the 0.90Cr alloy tend to have a lower amount of Mn, whereas the bands have higher Mn level, as illustrated in the EDX spot analyses of Fig. 8 . The 0.30Cr alloy showed a similar variation in Mn for a similar scan, also resulting in a mixed microstructure, but the banded structure is not as pronounced as in the 0.90Cr alloy (cf. Figs. 5(e), 5(f)). An average distance of 90 μm between bands with a 0.20 wt% Mn difference was found, but again smaller interdistances were also observed.
In the case of the 0.90Cr alloy, a significant variation of the Cr was also observed, but not in conjunction with the Mn variations. Segregation of C was also found in both materials, but on a much smaller length scale, as shown in Figs. 9 and 10 . In the case of the 0.90Cr alloy, the coarse martensite and austenite islands are strongly enriched in C inside the microstructural bands, as can be readily seen from the micrograph. Additional peaks in C enrichement are likely due to carbides. In the 0.30Cr alloy, C enrichment seems to be mainly limited to carbides, although some traces of martensite and austenite have also been found. Clear identification of the different phases, however, was not possible.
Discussion
Correlation between Microstructure and Mechanical Properties
The differences in mechanical properties between the different alloys and the different coiling temperatures can be largely explained by the microstructural features observed. The higher yield and tensile strength after coiling at 425°C compared to 500°C is due to the significant increase in the lower bainite fraction (cf. Table 3 ), which has finer microstructural features and a high density of cementite particles. These will increase the yield and the tensile strength. Furthermore, there is a tendency at 500°C to have a higher fraction of secondary phases (martensite, austenite, degenerated pearlite (i.e. pearlite with an imperfect lamellar structure)), which will lead to a more continuous yielding behavior and a higher strain hardening, 18, 19) which is also apparent in the lower yield ratio R p0.2 /R m . The austenite observed in most of the materials could in principle contribute to the strain hardening as well through Transformation Induced Plasticity (TRIP), but the volume fractions are quite low. Therefore, the contribution of the TRIP effect to the strain hardening is believed to be limited.
The presence of secondary phases is also strongly dependent on the Cr content. A higher Cr content leads to a higher fraction of secondary phases (martensite, austenite, degenerated pearlite), resulting in a lower yield strength and a high tensile strength due to an increased strain hardening capacity, similar to the mechanisms occurring in the ferritemartensite dual phase steels. 20) Note that the solid solution strengthening contribution of Cr is expected to be limited. 21) The higher strain hardening capacity in the presence of secondary phases increases the uniform elongation (A u ), whereas an increased tensile strength mainly tends to reduce the post-uniform elongation (ΔA = A tot − A u ), as is apparent from Table 3 . The best total elongation (A tot ) is found for the 0.6Cr alloy coiled at 500°C, containing sufficient secondary constituents for a high strain hardening without reduction of the post-uniform elongation as a consequence of the tensile strength.
Transformation Behavior
The effect of Cr on the bainitic transformation for the materials coiled at 500°C can be derived from the ratio between granular bainite and lower bainite. As indicated before, lower bainite forms before slow coil cooling, whereas granular bainite is formed during slow coil cooling. At 500°C, a lower fraction of lower bainite is formed for the higher Cr levels. This suggests that Cr reduces the kinetics for transformation, which is in line with the observed lower temperature increase during transfer to the coiling furnace (cf. Fig. 1(b) ) and with literature results. 5, 22) The dominant phase at 500°C is granular bainite for the three Cr levels. This phase forms during the slow coil cooling, which may explain the absence of clearly visible microstructural bands. No experimental evidence, however, is available to check if the low cooling rate and the corresponding transformation to coarse granular indeed suppress the appearance of microstructural banding.
The interpretation of the samples coiled at 425°C is more complex due to the clear appearance of microstructural bands. The main difference between the 0.30Cr and the 0.90Cr material is in the constituents present in the coarse granular bainite bands. In the 0.30Cr, the granular bainite consists of coarse bainitic ferrite with carbides and only small traces of martensite-austenite islands. In the 0.90Cr alloy, the bands of granular bainite consist of coarse blocks of bainitic ferrite and martensite-austenite islands.
Whereas the presence of bands can be attributed to the Mn segregation, the variations in Mn are similar for both Cr levels. As such, the difference in the bands has to be attributed to the effect of Cr per se on the transformation behavior. As argued earlier, the granular bainite bands are formed later than the lower bainitic areas, which is in line with the higher Mn level that is typically measured. Cr is known to increase the hardenability of steel, 6) which will make the granular bainite transformation slower for the 0.90Cr alloy. As such, C can be repartitioned in the untransformed austenite during the bainitic transformation. This stabilizes that austenite in the 0.90Cr steel against further bainitic transformation until the martensite start temperature is reached locally. At that temperature, martensitic transformation will start. Since retained austenite is still present at room temperature, it is clear that the martensitic transformation is not completed.
Summary and Conclusions
The effects of the Cr content and the coiling temperature on the tensile properties of a ultra high strength hot rolled bainitic steel have been investigated.
The yield and tensile strength are significantly increased when the coiling temperature is reduced from 500°C to 425°C, independent of the Cr content. This strength increase is mainly attributed to the increased fraction of lower bainite.
Increasing the Cr level from 0.30 wt% to 0.90 wt% reduces the yield strength, but increases the tensile strength, independent of the coiling temperature. The corresponding higher strain hardening results in an increased uniform elongation. This is related to the increased presence of martensite-austenite islands.
Cr reduces the lower bainite kinetics for coil cooling from 500°C.
Microstructural banding has been observed for coiling at 425°C as a consequence of Mn segregation. Even though the segregation can be expected to be present at 500°C as well, no strong banding was observed in that case. In the 0.90Cr steel, the increased hardenability resulted in the presence of relatively coarse martensite-austenite islands in the granular bainite bands, which transformed during slow coil cooling.
